Abstract Nanoporous Solid-Liquid core waveguides were prepared by UV induced surface modification of hydrophobic nanoporous polymers. With this method, the index contrast (δn = 0.20) is a result of selective water infiltration. The waveguide core is defined by UV light, rendering the exposed part of a nanoporous polymer block hydrophilic. A propagation loss of 0.62 dB/mm and a bend loss of 0.81 dB/90° for bend radius as low as 1.75 mm was obtained in these multimode waveguides.
Introduction
Optofluidics combine optics and fluidics, opening new frontiers in developing optical systems that exploit fluidic properties [1] and analyse the properties of fluids [2, 3] . Integration of liquid and optical elements on the same platform is essential for a more compact and robust optofluidic device [4, 5] . Liquid-Core waveguides (LCW) confine light and liquid in the same volume providing large interaction length and reduced sample volume. Highly sensitive optofluidics devices can be designed using LCWs. Total internal reflection (TIR) [6] techniques are usually employed to guide light in the LCWs. As water or aqueous solutions (n ≈1.33) forms the core of LCW, the major challenge is in finding a suitable solid cladding material with refractive index below 1.33. Most applied technologies in this field include Teflon AF cladded LCWs [7] , Anti Resonant Reflecting Optical Waveguides (ARROWs) [8] and nanoporous clad LCWs [9, 10] . Although Teflon AF is widely used, low surface energy and inertness to chemical functionalization present challenges to use this material in planar chip fabrication.
This work presents nanoporous waveguides, consisting of a clad of hydrophobic nanoporous polymer (NP) and a core of hydrophilic NP infiltrated by liquid. The typical pore size (14 nm) and spacing of the nanoporous polymer is significantly smaller than the wavelength of guided light. Therefore, the core of our waveguides is a solid-liquid 'alloy', hence an appropriate acronym for these waveguides would be Solid-Liquid Core Waveguides (SLCW). We also report losses (propagation, bending and coupling loss) observed in these waveguides studied with cutback techniques.
Device fabrication
An attractive way to obtain NP polymers is by total or partial removal of one block from selfassembled block copolymers. The morphology of the self-assembled material is determined by the block's volume fraction in block copolymers and by thermodynamical variables [11] [12] [13] . In our work, the starting material is a self-assembled diblock copolymer of Polybutadiene and Polydimethylsiloxane (PB-PDMS) [ Fig. 1(a) ]. PB-PDMS was synthesized by anionic polymerization [14] . The schematic illustration of the working principle of SLCW in 1,2 Polybutadine (PB) nanoporous polymers is shown in Fig. 1 . NP polymers were prepared initially by solvent casting the PB-PDMS block copolymer in tetrahydrofuran (THF) with 1 mol % of the cross-linker dicumyl peroxide with respect to the number of double bonds of the PB component. The morphology of the self assembly determines the distribution of pores in the polymer matrix. The material was further cross-linked at 140°C in an argon/nitrogen atmosphere for 2 hours in order to provide mechanical stability to the PB [11, 15] . This morphology provides bicontinuous porosity and high transparency, which are important for the liquid transport and for waveguiding characteristics of the obtained device. The cross-linked PB-PDMS block copolymer was rendered nanoporous by selectively etching the PDMS minority block from the bulk system, using tetrabutyl ammonium fluoride (TBAF) at three times molar excess, relative to the repeating unit of PDMS. Etching took 36 h and was followed by cleaning of the PB matrix in THF and methanol for a total of 16 h. A porosity of 0.44 [ Fig. 1(b) ] was determined by methanol uptake [13] from the obtained material. The volume fraction of crosslinked PB (0.56) is lower than that of the uncrosslinked PB (0.60) due to increase of density induced by cross-linking. The self-assembled block copolymer and the nanoporous polymer obtained from it can be considered as binary alloys with heterogeneity length scale much lower than the wavelength of visible light. An effective refractive index n eff of the block copolymer or NP can be calculated by the Lorentz-Lorenz relation
where n 1 , n 2 are the refractive indices of the matrix and the minory component respectively, and V 2 is the volume fraction of the minority component (PDMS or air). In the NP polymer, PDMS minority block (n 2 = 1.40) [16] is replaced with air (n 2 = 1). Thus a 44% porosity (V 2 = 0.44) induces an n eff change from 1.46 for the block copolymer to 1.26 for the NP [ Fig. 1(b) ]. Photo oxidation [17] in the presence of UV light (300-350 nm) changes the surface wetting property of the naturally hydrophobic 1,2-PB NP polymer [13] . The resultant hydroxyl and carboxyl groups on the matrix air interface, render the exposed region hydrophilic [ Fig. 1(c) ,
On immersion in aqueous solution, water infiltrates the pores in the exposed regions, increasing its effective refractive index (δn eff = 0.20). The index mismatch obtained was exploited to confine light within the solid-liquid core [ Fig. 1(e) ]. Water evaporation does happen from the surface of the porous waveguide on a timescale of 10-15 minutes. This does not affect our experiments, which are done much faster, and in the future, when we expect to add a cladding, this should further minimize evaporation. When the waveguides dry they seize to guide light. To verify water infiltration we used an organic fluorescent dye (Rhodamine 6G), in aqueous solution. These molecules are smaller than the pores, and thus they infiltrate the exposed regions. As the index mismatch induced is governed by the liquid infiltration of nanopores, the liquid core will always confine light in these systems. For instance, even if the initial NP polymer (owing to less porosity) had a n eff >1.33, the liquid filled NP region (solidliquid core) will always have an effective index of refraction higher than the cladding material. We call this type of waveguide a nanoporous solid-liquid core waveguide, shortly NP SLCW or simply SLCW. 
Results and discussions
The SLCWs were characterized by measuring the losses in the waveguide. Four types of losses occur in rectangular waveguides with bends: input and output coupling, transition, radiation and propagation loss [18, 19] . Since the shape of the waveguide is not optimized we have chosen not to focus on transition and coupling losses. Transition losses depend on the waveguide design, e.g. when changing from a curved to a straight section. This can be minimized in the design phase, but cannot be avoided completely in any integrated system. Coupling losses from outside the chip might be an issue, especially if water evaporates from the ends [20, 21] . We have not experienced water evaporation causing bubbles, perhaps due to the nanoporous nature of our cladding. Evaporation from the ends is not more pronounced than from the sides in our case. In this work, propagation loss in 1,2-PB SLCW was studied using the cutback technique. Waveguides of cross section 200 × 200µm were defined with UV patterning using lithography masks as shown in Fig. 2(b) . A He-Ne laser (632.8nm) was butt coupled into the SLCW using a 62.5/125µm multimode (MM) fiber. The output from the waveguide was collected with similar MM fibers into an Optical Spectrum Analyser (OSA) (Ando AQ-6315A). The experimental setup is shown in Fig. 2(a) . Each waveguide was designed with a 90° bend of radius R = 2mm sandwiched between straight waveguides of varying length. The loss in straight waveguide was obtained by subtracting the loss from 90° bend waveguide of radius, R = 2mm. This removes the coupling and radiation losses. The propagation loss was evaluated by plotting straight waveguide loss as a function of propagation length [ Fig. 2(b) ]. A linear fit [straight line in Fig. 2(b) ] to the data, gives the propagation losses in these waveguides. The constant A [ Fig. 2(b) ] represents the transition losses when light propagates through different types of waveguides (straight and bend). A transition loss of 3.8 ± 0.5dB and a propagation loss of 0.62 ± 0.03 dB/mm were obtained in the NP SLCWs.
Bending loss evaluation was carried out on waveguides with 90° bend of different bend radius ranging from 1.75 to 11.75 mm. Each of the bend waveguides were sandwiched between 2mm long straight waveguides. The total loss in the bend region was plotted as a function of bend radii in Fig. 3 . The loss is obtained by removing coupling and propagation losses from the straight waveguide section in the design. Transition loss, propagation loss and radiation loss in the bend waveguides were interpreted by fitting a polynomial to the data. The intercept A1 partially indicates transition losses in the waveguide while the linear coefficient B1 contributes to propagation and radiation losses. Each bend waveguide has a propagation length of (π/2) × R, (bend radius). Thus the B1 coefficient in Fig. 3 would be expected to be π/2 times larger than the B coefficient from Fig. 2 . That it is somewhat larger in this case is attributed to fabrication differences. With increasing bend radius, a bend waveguide has longer propagation length and lesser degree of bend. This reduces the radiation loss in the waveguide, giving more prominence to propagation losses. The magnitude of the total loss for large bend waveguides is in good agreement with losses from straight waveguides of similar length. ‫|2‪B‬|‬ corresponds to the radiation losses in these waveguides. Since ‫|2‪B‬|‬ is very small, propagation loss dominates in our device designs. In NP LCW devices, bend loss of 0.81 dB/90° bend for a small bend radius of 1.75 mm was observed. In the current work, the optimum coupling and transition loss is not discussed. Even with present loss values compared with Teflon AF 2400 waveguides (loss = 0.03 dB/mm) [22] , UV modified NP materials could be an alternative for LCW. As typical lengths of optofluidic devices in detection systems are of order of centimeters, high surface area for functionalization and high numerical aperture (NA = 0.74) make UV modified NP a very viable material. In comparison with other types of LCWs [23, 24] , NP SLCW currently have slightly higher losses. We anticipate that with improved lithography techniques and optimization the losses in these waveguides can be reduced due to smoother surfaces. Optimized lithography should also make it possible to define single mode waveguides. It is also noted that our fabrication technique enables tuning of the index contrast, which can be minimized to lower the number of supported modes.
Conclusion
We have illustrated the working principle behind NP SLCWs, where the waveguide core is defined by UV induced hydrophilization of a nanoporous polymer matrix. A quantitative analysis of losses observed in these devices has also been performed. With SLCWs, the major challenges faced in liquid core waveguiding technology can be addressed, in particular simple fabrication and the possibility of having an effective core index above that of the analyte. In addition to the refractive index tuning flexibility, these systems have very high surface area. If the surface is chemically functionalized the interaction between optical field and analyte bound to the surface is vastly enhanced compared to a conventional liquid core waveguide. 
